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LVI. On the Thermoelectricity of _~Tolten Metals. 
By F. BRAUN (Carlsruhe) ®. 

1. -]-N a circuit of metallic conductors a current produced by 
1 .  difference in temperature must be the equivalent of heat 

derived from an external source. I f  we assume (1) that the 
process is reversible, (2) that heat is absorbed on]y at the point 
of contact of higher temperatur% and is given out only at the 
colder point of contact, then it follows that the thermo- 
electric force must be proportional to the difference in tem- 
perature of the junctions for intervals of any magnitude. If 
we assume a change in potential function at both junctions, 
the result may be expressed thus : that the change in poten- 
tial is proportional to the absolute temperature of the junc- 
tion. The electromotive force therefore~ expressed as a 
function of the difference of temperature, ought to be a 
straight line. But experiment shows that in all the thermo- 
piles as yet examined this linear relationship does not hold 
good; in by far the majority of cases the curve is much 
nearer a parabola. This led Sir W. Thomson to the conclu- 
sion that even in the interior of one and the same metal 
unequally heated there must be produced, upon the passage 
of a current, a quantity of heat proportional to the first power 
of the current-strength (adopting Le Roux's term, we may 
call this "the Thomson-effect "). 

In fact, if the thermopile works, not between two tempera- 
tures, but between an infinite number, it follows inversely 
that its electromotive force can no longer be expressed as a 
linear function of the greatest temperature-difference which 
occurs in it. Although, strictly speaking, nothing can be 
determined as to the locality of the electromotive forc% yet 
we should be disposed to add to the changes in potential 
assumed to exist in the junctions (of which, however, no 
proof has yet been given that they occur there) other 
changes of potential occurring in the interior of the unequally 
heated metal. 

Hitherto, so far as I know, only thermopiles have bee~ 
examined in which at least one metal has been solid. The 
explanation is then obvious~ that these internal thermo- 
electric forces are due to changes produced by the heat itself 
in the solid metal--hot and cold metal behaving like t~ o 
different substances~ or~ as we may shortly express itj the 
heat produces structural changes. In fact~ as shown by the 

~* Translated from the 8itzungsber. der kSnlgl. Akad. d. Wissensch. of 
Berlin, of April 9th~ 1885. 
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496 M.F.  Braun on the 

experiments of Magnus, pieces of the same metal but of 
different temperature produce a thermoelectric current when 
brought quickly into contact. Only with lead could this re- 
sult not be observed with certainty. But in lead, as Le Roux 
showed, the Thomson-effect is nearly or quite zero. In 
general, those metals which show a large Thomson-effect 
show also the further peculiarity that, upon heating a single 
wire the ends of which are kept at a constant temperature, a 
thermoelectric current is produced, the intensity (and even 
direction) of which often varies with insignificant changes ~n 
the distribution of the temperature or the structure of the 
wire. 

These currents, I may at once mention, are so energetic, 
and especially so variable, particularly if' the temperature IS 
raised to a red heat, that I have had to take precautions with 
my thermopiles that there should not he any great differences 
of temperature in the solid metal. With lead only have I 
been unable to observe with certainty any such currents, 
even when the solid metal was plunged into molten lead. 
According to an experiment of Magnus's, often quoted, 
which for short I will call the Magnus experiment, currents 
are altogether absent in mercury. 

I t  is an obvious explanation to refer the currents~ produced 
on bringing together a cold and hot metal, to differences in 
structure (although we must then ascribe some influence 
either to time or to distribution of temperature), and to class 
them together with the Thomson effect--that is, the deviations 
which the thermoelectric force shows from proportionality 
with the temperature-difference. If  certain metals give no 
thermo-current either in the Magnus experiment or when a 
wire, whose ends are maintained at a constant temperature, is 
heated, this may be explained in two ways : either changes 
of potential take place on both sides of the point heated, 
which, however, must decrease equally in both directions, or 
no thermoelectric excitation takes place, because, in conse- 
quence of the nature of the metal, differences in structure are 
impossible. 

To this latter, although more special, assumption it seems 
to me we shall be most inclined. It  is to be assumed that 
other molten metals will behave as mercury does, which, in 
fact, I have found to be the case (cf. § 7). 

2. If  we regard the Magnus experiment in this second 
way, it would follow that the thermoelectric force between 
molten metals must be proportional to the difference in 
absolute temperature between their points of contact. But 
this would ~how the possibility of measuring absolute tern- 
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Thermoelect~'icitj of Molten Metals. 497 

peratures to a very high point by a method presenting many 
advantages over measurements made with an air-thermo- 
meter (smaller space of constant temperature, independence 
of expansion and changes in form of the vessel). We should 
further, and probably for the first tim% obtain nmnbers 
which are entirely dependent upon the chemical nature of 
the substance, and free fi'om uncertainties as to how hard or 
soft the body is. They would offer us a more ready con- 
clusion as to the iuternal processes by which thermoelectric 
forces are excited. In fact, it appears very remarkable how, 
under similar external conditions (where any desired quanti- 
ties of heat are available)~ large quantities of heat are trans- 
formed into the form of energy of mechanical work, at the 
points of contact of many metals, and with others very small 
quantities *. 

Since, further~ each molten metal in thermoelectric rela- 
tionship must be characterized by a single constant (which 
no doubt may vary with the pressure), this must stand in 
some relationship to other constants~ characterizing the par- 
ticu]ar metal, and independent of the temperature ; but of 
such there is only the atomic weight available. 

3. These considerations induced me to measure the thermo- 
electric forces of molten metals against each other between as 
wide limits of temperature as possible. A linear dependence 
upon the temperature appeared to me h priori so probable, 
that I directed my attention from the first to the utmost 
possible chemical purity of materials, and, moreover, chose 
only elements. Alloys were investigated only in the second 
place. 

In the following I give the combinations which were 
measured, as well as the range of temperature employed ; t 
denotes the temperature of the colder point of contact~ T the 
highest reached at the warmer point of contact. 

N a t t g  . . . .  t=20 ° or 100 ° ; T = 3 7 0  °. 
P b H g  . . . .  t----20°; T = 5 8 0  °. 
Kt{g . . . .  t = 2 0  ° or 100°; T = 5 2 0  °. 
SnHg . . . .  t = 2 0 ° ;  T = 4 6 0  °. 

* That we may regard the Peltierian heat as the equivnlent of the 
work which the el'ectricity does in passing to a lower potential-level at 
the points of contact, requires no justification. The work lost at the 
one contact-point can be restored by the equal amount gained at the 
other, just as the quantities of work in the portions of the two arms of a 
siphon at equal heights compensate each other. We cannot conclude 
anything, as Maxwell has done, as to the difference of potential produced, 
as a result of contact-electricity, from the Peltierian heat at the point of 
contact of two conductors. 
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498 M . F .  Braun on the 

t t g ( N a + K ) *  t - 2 0 ° ;  T~380  °. 
PbSn . . . .  t --20°;  T=435°;  t=424°;  T----974°" 
BiSn . . . .  t-----508°; T--882 °. 
H g ( t t g + B i +  Pb) t  t = 2 0 ° ;  T=530  °. 

4. For the determination of high temperatures in spaces 
frequently small I employed spirals of platinum wire, whose 
galvanic 1"esistanee had previously been determined as a func- 
tion of the temperature. I employed for this purpose a large 
muffle furnace heated by coal~ the description of which, as 
well as of other experiments made with it, I propose to give 
shortly elsewhere. The vessels for the air-thermometer were 
made of Meissen porcelain $. The dimensions could be so 
chosen that, assuming constancy of temperature, temperatures 
of 1000 ° C. could be accurately measured to 1 ° or 2 °. 

5. The metals were enclosed in glass tubes~ wherever glass 
could be used. Platinum wires melted into the glass served 
for external connections. With  some metals the platinum 
wire was in direct contact with the metals ; with others this 
contact was made by means of a pencil of retort-carbon § or 
graphite, with others by means of an iron-wire. Two glass 
tubes filled with metal were placed vertically side by side. 
At the hotter (upper) point of junction the platinum wires 
were melted together outside the tubes by means of the oxy- 
hydrogen blowpipe. So far as the ,a ires which serve to ma~:e 
contact with the fluid metal at the hottest and coolest points 
penetrate the ends of the tubes, uniformity of temperature 
must be maintained. The cooler (lower) ends of the tubes 
were plunged into two concentric vessels full of mercury, which 
were placed in a bath of constant temperature, though not 
always the temperature of the room. From these mercury 
vessels wires of lead conducted to a petroleum bath of the 
temperature of the room, from which the copper connections 
were made. The leaden wires of course could not be placed 
directly in contact with the mercury. Their ends were 
melted into a glass tube, through the lower closed end of 
which a short platinum wire passed. I pass over here 
the precautions found necessary in order to ensure that the 

* Alloy liquid at ordinary, temperatures ; about 1 eq. K to 1 eq. Na. 
t Alloy liquid at ordinar'y temperatures ; 1 part lead~ 1 part bismuth, 

8 parts mercury. 
:~ I wish here to express my obligations to the Royal Saxon Porcelain 

Manufactory, and especially to M. Biittner, for the great trouble which 
they have taken in the very difficult manufacture of these vessels. 

§ Platinum at 200 ° is amalgamated by mercury, and at about 500 ° 
is dissolved as energetically by mercury as it wouid be by boiling aqua 
reg18,. 
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Thermoelectrieity of Molten Metals. 49~ 

other portions of the circuit should be affected only by slight~ 
thermoelectric forces, which remained constant for a con- 
siderable time and which were separately determined. The 
electromotive forces were measured by compensation. 

6. The temperature of the hotter point of contact was 
maintained:--(1) Ina  bath of mineral oil of high boiling-point, 
which was kept agitated by a stirrer. In this way a tempe- 
rature of about 380 ° C. could be obtained. (2) In an air- 
bath, consisting of three concentric iron cylinders, surrounded 
on the outside by a jacket of iron and chamotte, which was 
constructed according to my designs for another investi- 
gation~ and which Ehrhard~ * has recently described. It 
was heated by means of gas, and permitted the attainment of 
a temperature of 580 °. (3) By a brisk current of vapour of 
constant boiling-point, sent through a glass vessel protected 
against external radiation of heat. The substances employed 
were alcohol 80 ° C., water, xylol 140°'5 C., aniline 183 ° C., 
dimethylaniline 192 ° C., toluidine 198 ° C., xylidine 214 ° C. 
In order to decide with certainty particular questions I re- 
quired constant temperatures, not differing much from each 
other. For the control of other measurements, I further 
employed baths of vapour of benzoic acid 250 ° C., mercuric 
iodide 357 ° C,  and sulphur 448 ° C. For still higher tern- 
peratures (up to 980 ° C.) I employed (4) a muffle. The 
vessels which contained the metal were of earthenware. 
Imagine an earthenware tube irclined some 10 ° to the hori- 
zontal plan% and provided at both ends with vertical pipe- 
heads. Two such tubes of equal length were placed side by 
side. Each contained a molten metal. The upper pipe-heads 
were within the mufti% and heated to a higher temperature 
than the lower ones, They were connected by a bridge of 
thick iron-wire or of retort-carbon, by means of which a wide 
thick-walled chamotte-neck passed from the muffle through 
the heating-channel outwards, through which the earthenware 
tubes passed ; the other two pipe-heads were outside the 
mufti% surrounded by an iron box, which was heated by coal. 
The temperature then was maintained as close as possible to 
~he melting-point of the more difficultly fusible metal. In 
order to carry the circuit from the molten metal outside the 
muffle, previous experience had shown lead to be the only 
available metal which permitted the reduction of temperature 
to that of the room. The following arrangement was adopted 
in view of its properties : --At the lower end of a thin- 
walled brass-tube of about 12 mitlim, diameter an iron tube 

* Wied, Ann. vol. xxiv. p. 217 (1885), 
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500 M.F .  Braun on t1~e 

was brazed ; it was closed below by an iron disk screwed on, 
to the inside of which a piece of platinum foil was soldered. 
The screw closed against the molten metal in which the iron 
tube plunged. A platinum wire was in contact with the 
platinum foil. This was melted through the closed lower end 
of a glass tube. The bottom of this was filled to a height of 
about 10 millim, wi~h graphite. Lead wire was pushed slowly 
into the glass tub% which melted and formed a continuous 
connection from the molten to the solid lead. The solid lead 
wire conducts again to points at the temperature of the room. 
All the different conductors (iron, platinum, and graphite) were 
completely surrounded by the molten metal in the pipe-head, 
which stood some 4 centim, above the top of the graphite 
layer. We may therefore assume equality of temperature in 
all. This last-described arrangement was employed for the 
circuits PbSn and SnBi. 

7. I pass now to the results obtained. If  we take the 
temperatures as abscissm and the electromotive forces as or- 
dinates, the following results are obtained. Most, if not all, 
the curves are not actually straight lines ; they are of such 
a form that the centre of curvature lies on the side of the 
curve turned away from the axis of abscissse, i. e. the electro- 
motive forces increase more rapidly than corresponds to 
proportionality with the temperature. Only the curve for 
NaHg, which is almost straight for a considerable distance, 
seems at higher temperatures to assmne a curvature towards 
the other side. The thermoelectric force of this element is, 
however, so small that measurements with it offered special 
difficulties. Kt Ig  is almost a straight line, but possesses 
certain peculiarities (see below). 

The curves are certainly not of the second degree, but of the 
third at least. Tait's assumption that specific heat of elec- 
tricity is proportional to the absolute temperature, which 
would lead to the equation to a parabola, therefore does not hold 
good for molten metals. I give here a few numbers from the 
curve for the element Pbt tg.  It is of especial interest, on ac- 
count of the property of lead, not to give any Thomson-effect. 
The first colmnn gives the temperature of the warmer point 
of contact in Centigrade degrees~ the second the same reckoned 
from absolute zero. The temperature of the other point of 
contact is throughout 20 ° C. The third column contains the 
electromotive force e in micro-volts. I f  e is a function of 0, 

de 
represented by a curve of the second degree, then ~-0 ought to 

be a linear function of 0. The fourth column" shows the 
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Thermoelectrlcity of Molten Metals. 
TABLE I. 

Lead-Mercury. 

501 

O, 

2(~C. 293 
373 
473 
573 
673 

500 773 
580 853 

t d_e p. dO" 

Observed. Calculated. 

4"8 ... 
7"0 6'5 

1710 9"2 8'3 
2640 10'2 10"0 
3750 12'5 11"8 
4940 19'0 13"2 

H ~le~a~d.  

46"2 
13"0 

153"7 
244"6 
318'5 
448'3 
751"9 

de 
obsel~ed value of ~-0, and the fifth the value calculated from 

the first two numbers of the fourth column. The differences 
are far greater than possible errors of observation. The last 
column gives the quantities of heat in gramme-calories which 
result at the point of contact of absolute temperature 8, when 
the quantity of electricity electro-chemically equivalent to 
2 grammes hydrogen (193,000 coulombs) passes through. 

If  we conclude from the experiments of Le Roux (who, 
however, gives no absolute value of the Thomson-effect) that 
there is no Thomson-effect in lead, there must be such in 
mercury. Moreover its magnitude must be considerable. 
This follows from the observations with the couples ttgCu, 
HgPt, tIgFe, whose electromotive force I have measured 
for considerable differences of temperature. The Thomson- 
effect is very considerable in the metals Cu, Pt, Fe ; in mer- 
cury it must be at least of equal magnitude according to the 
results of these measurements. 

The wires employed of the three metals when heated in 
the middle, whilst the ends were maintained at constant 
temperature, gave very considerable electromotive forces 
(70 to 200 microvolts) even after they hadbeen repeatedly 
heated. Mercury on the other hand, as is ~ ell known, gives 
none. This last phenomenon, and the Thomson-effect, cannot 
therefore stand in any direct connection. 

In the thermo-element PbHg, the contact-points may have 
the respective absolute temperatures O and 0 (O>0) ;  it may 
be supposed to remain closed so long that its thermo-current 
has conveyed the electro-chemical unit of electricity through 
it. Then at the temperature O the quantity of heat H o is ab- 
sorbed, and at 8 the quantity of heat II 0 is given off to sur- 
rounding objects. The difference Ho-- I I  0 in the present 
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50~ M.F .  Brann on the 

example cannot be completely converted into electrical energy 
(with an oppositely bent curve it would not be the only equi- 
valent), but there would be also heat from the interior of the 
metals themselves converted into work. 

The following Table II. gives for different intervals of tem- 
perature the heat YIo--H o in gramme-calories. Further, the 
electrical work L in the same units. Tlm result is that in 
the most favourable case 47 per cent. of the heat He--H0.  
appears as useful electrical work. The remainder, at least 53 
per cent., remains in the metals themselves, in the form of 
(reversible) heat. It is given in the fourth column. 

The thermopile absorbs the quantity of heat IIo at the 
highest temperature O ;  at least, the pile works with this 
heat-capital. How much of this heat appears as useful work ? 
The sixth column shows that it is at the outside 40 per cent. 
If  of the quantity of heat IIo the whole remainder not con- 
verted into work at the temperature 8 were given off, the 

0 - - 0  
fraction ~ must be converted into current-energy. The 

next column shows this fraction. 

TABLE I I .  

Temp. 
interval. 

20-100 
20-200 

-20-300 
20--400 
20-500 
20-600 

120-- H o 

36"8 
107"5 
198'4 
272"3 
402"1 
7O5"7 

Elee. 
work, 

L 

15"8 
42"7 
79"4 

128'5 
174"0 
229'2 

IIo--IIo--L~ 
o r  Heat 

in metals. 

21"0 
64'8 

119"0 
149'8 
228'1 

i 476"5 

! 

0"43 
0-40 
0"40 
0"47 
0"43 
0"32 

L 0--0  IIO-- II o 
~ "  0 ' I I O  

0'19 0-21 0-44 
0"28 0'38 0'70 
0"32 0'49 0"81 
0"40 0"56 0'85 
0"39 0'62 0"89 
030 0"66 0"94 

If  we nov," enquire whether thermo-elements are suitable 
arrangements for converting heat into work, we obtain the 
following result :--Elements for which the electromotive 
force increases greatly with rise of temperature, as is the 
case for the element HgPb,  work with very small useful 
effect (not regarding the loss of heat by conduction, radiation, 
&c.). Thermo-elements whose electromotive force decreases 
with rise of temperature work with more useful effect, but 
contribute absolutely less towards the work to be done. 

Other elements with liquid metals give essentially the same 
results as the PhHg element. The curve for Hg(Hg ~- Br + Pb) 
has nearly the same form. In this combination both con- 
stituents are fluid at ordinary temperatures ; I have examined 
them for an interval of more than 500 ° . I t  appeared to me 
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Thermodectrlcity of Molten Metals. 503 

of particular interest to repeat Magnus's exper!ment with 
this fluid alloy. I f  a portion of the amalgam ~ as plunged 
cold into the rest heated to about 300 °, no thermo-current was 
produced the electromotive force of which exceeded 0"5 micro- 
volts, which was the lowest I was in a position to measure. 

The curve for this clement shows a remarkable peculiarity. 
At 180 ° it is convex towards the axis of abscissm, but between 
180 ° and 210 ° it becomes concave, and then again convex. 
In this respect it is qualitatively exactly like the curve which 
pl.~tinum-iron elements give, only that in the latter the pecu- 
liarity is more decided. With a t) tFe element the curve 
rises steeply to about 360 ° and somewhat concave towards 
the axis of abscissae, then bends rapidly towards the horizontal 
direction, having a maximum at 420 °, then falls from this very 
little (almost horizontal) to a minimum at 520 °, rises then 
slowly, and then from about 630 ° ascends again to i000 ° as 
steeply as from 0 ° to 36 °. 

The element consisting of molten potassimn and mercury 
shows an exactly similar behaviour, the curve rising with 
oscillations. Consistent results at% however~ only obtained 
with this latter element when vapours of constant boiling- 
point are employed as source of heat. Using the oil-bath or 
the air-bath~ the values obtained at the same temperature 
often vary considerably. 

We shall probably only be able to explain these phenomena 
by the assumption that molecular transformations take place 
also in liquid bodies (as is known to be the case, for example, 
with sulphur); and these changes appear, at least as far as their 
velocity is concerned, to depend on the rate of heating. The 
question then suggests itself whether molten cadmium, w~ich 
in the form of vapour is monatomic, combined with a thermo- 
element with the similarly constituted mercury, would show 
linear dependence of electromotive force upon temperature. 

The interval of temperature available seemed to be too 
small to determine this point with certainty; and I considered 
it beside the mark to employ cadmimn amalgam, since we 
could no longer assume the existence of isolated atoms. 

8. Taking all the results together, we may come to the 
conclusion that in thermoelectricity we are still further 
from an insight into the true nature of things than most phy- 
sicists have supposed. We must assume the existence of 
electromotive forces even in the interior of molten metals of 
unequal temperature ; and, moreover, these follow no simple 
laws. I t  would not be difficult to find formulm for the elec- 
tromotive forces supposed to exist in the interior of metals 
which should satisf~ the observations; but it seems to me 
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504 Mr. J . W . L .  Glaisher on the Complete 

that we do not thereby come nearer to a representation of 
the processes which occur. We may say with certainty that 
fluid unequally-heated metals are electrically charged, and that 
by simple inequalities of temperature in a conductor the con- 
d]tions for transformation of heat into work are fulfilled, only 
that we cannot obtain the work in the convenient form of. a 
closed current. Perhaps this excitation of electricity takes 
place in all fluids, and generally in all substances~ i. e. also in 
the so-called vacuum ; and the further question, important 
in principle, may arise, what influence this hitherto disre- 
garded circumstance has upon physical processes. 

If  we return to the facts detailed abov% everything indicates 
that thermoelectric excitement is an intermolecular process 
dependent upon the number or arrangement of atoms in the 
molecule. It is thus suggested that all the rough mechanical 
changes, which exert so much influence on the thermoelectric 
behaviour of a solid body, and which consist in drawing, 
bending, hardening, annealing, &e., are also connected with 
intermoleeular, and thus in a measure chemical, changes. 
This would be in harmony with the one already known fact, 
that in steel, upon passage from the soft into the hard con- 
dition and vice versd (also by simple drawing), the quantity of 
chemically combined carbon changes. Hard and soft steel 
give, as is well known, a tolerably powerful thermoelectric 
action. 

LVII. On the Expression for the Complete Elliptic Integral 
ti~es°flthe Second Kind as a Series proceeding by Sines of Mul- 

of the Modular Angle. By J. W. L. GLA~S~.~, 
M.A., F.R.S.* 

Series for K and E, §§ 1--4. 
§ 1. I N  vol. xix. pp. 51, 52 of Crelle's Journal, Guder- 

1_ mann has given the following interesting expres- 
sion for K in a series proceeding by multiples of the modular 
angle 0 : - -  

12 12 32 12. 32 . 52 
K~r ----- sin 6 + ~ sin 50 + ~2--~-42. sin 90 ~ 23 . 4~" 62 sin 13~? + &c. (1) 

The coefficients are the same as in the well-known fundamental 
formula 

12 12 32 12 32 52 
2K----I+~r ~ sin20+ ~ s i n 4 0 4 .  ~ @  sin" 0 + & c . .  . (2) 

* Communicated by the Author. 
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